Determination of tetracycline residues in soil by pressurized liquid extraction and liquid chromatography tandem mass spectrometry Introduction
Pharmaceutical residues in the environment are of increasing concern worldwide because the large number of drugs used in human and veterinary medicine [1] [2] [3] [4] . After excretion, these drugs and their metabolites reach the environment by passing sewage treatment plants or by soil amended with sewage sludges or manures [5] [6] [7] . New investigations show that more than 45 different drugs can be found in surface waters from the low to the very low µg l -1 concentration range [8] [9] [10] .
One among the first groups of antibiotics to come into use in human being was the tetracyclines (TCs), these drugs have stood the test of time and are continuing to be useful in treating a broad range of infections [11] . TCs have been found widely disseminated in water and sewage. However,
little is know about their occurrence and impact in soils. Some data extracted from the literature show that residues of the commonly used veterinary drugs, tetracycline (TC) and chlortetracycline (CTC) can be detected in soil surface (0-40 cm) fertilized with animal slurry [12] [13] [14] [15] . Nevertheless, no leaching of TCs into deeper soil segments or groundwater has beem observed [14, 15] . The halflife of oxytetracycline (OTC) in manure was 30 days and the compound was still detectable in this matrix after 5 months. In the manured soils, OTC was detected at concentrations at least 10 times lower than the European Agency for the Evaluation of Medicinal Products threshold (100 µg kg -1 ) [16] .
Detection of TCs in soil, sediments, and water, and the growing concern of their potentially adverse effect on natural ecosystems have resulted in a need to understand their behavior in the soil system.
TCs have multiple ionizable functional groups such that at environmentally relevant pH values, they may exist as a cation, zwitterion, or a net negatively charged ions, which complicates predicting their sorption, availability, and transport. The sorption of OTC, TC, and CTC by several soils varying in pH, clay content and type, cation exchange capacity (CEC), anion exchange capacity (AEC), and soil organic carbon was investigated. Strongest sorption was observed for clays, followed by HS, and then clay-HC [17, 18] . Greater sorption by the Ca systems than the K ones and decreased sorption with increasing pH suggests that cation binding and cation exchange contribute to sorption [19] [20] [21] .
Summarizing, TCs enter in the environment in significant concentrations via repeated amendments with manure or sludges, build up persistent residues, and accumulate in soil. Therefore, TCs may have a potential risk and investigations on their environmental effects are necessary [22] .
In a recent review, O'Connor and Aga [7] discuss strategies for sample preparation, extraction, clean-up using solid-phase extraction (SPE) and molecularly-imprinted polymers (MIPs), and analysis of TCs and their transformation products in soils. This review also points out that available information about the environmentally-relevant concentrations of TCs is limited, mostly due to analytical difficulties encountered when trying to analyze trace levels of these compounds in the presence of complex matrices. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has become widely used in detecting antibiotics, including TCs. In applying LC-MS/MS for environmental investigations, the analyst is faced with two major challenges: poor detectability of TCs and highly variable matrix interferences, which compromise quantification. Efforts have been directed to attain high-throughput methods able to extract a large number of samples in a short time [15, 16, 23] . Pressurized liquid extraction (PLE) is a rather new technique that uses solvent at a relatively high pressure and temperature without their critical point being reached. This improves efficiency compared to extractions at room temperature and atmospheric pressure [7] . Recently, O'Connor et al. [24] optimized the extraction of TCs by using rapid and simple PLE procedures with a mixture of acetate buffer (pH 8), and methanol as the extracting solvent in soil. In the same way, Jacobsen et al. [25] reported the use of PLE with mixtures of methanol and citric acid (pH 4.7)
to extract TC, macrolide and sulfonamide antibiotics from agricultural soils. Other studies have reported the use PLE to extract both, veterinary drugs from food matrices [26] [27] [28] or different contaminants from soils [29, 30] . All these studies remarked the technology's benefits in providing rapid and reliable analysis.
The present study focuses on developing a method for the simultaneous determination of four TCs -TC, OTC, CTC and doxycycline (DC)-in soil, using PLE and SPE extraction followed by LC-MS/MS with a triple quadrupole (QqQ) analyzer. Different dispersing agents and solvents for soil extraction and several SPE cartridges for clean-up were compared. The method was applied to soil samples of different locations and after different sludge treatments. To the best of our knowledge, this is the first finding of TC residues in typical Spanish agricultural soils.
Experimental
Chemicals and standards TC, OTC, CTC, DC and demeclocycline (DMC) were purchased from Sigma (St. Louis, MO).
DMC was used as internal standard (IS) because it is an obsolete antibiotic. The three epimers, 4-epitetracycline (e-TC), 4-epioxytetracycline (e-OTC), and 4-epichlortetracycline (e-CTC), were from Acros (Fisher Scientific, Schwerte, Germany Table 1 . The last fertilization with sewage sludges was in September 2006 according to the data provided by the Conselleria de Medio Ambient. There were no more data on the amount of sludge added to the field or the contamination levels of the sludges by these pharmaceuticals. Two control samples from fields without slurry fertilization since, at least, 5 years were also taken from this region. Samples were taken in plastic bags and immediately transported under cooling to the laboratory. To achieve homogeneous samples, the soils were air dried and sieved through a 2 mm sieve before further handling.
Sample preparation

Pressurized liquid extraction (PLE)
The extraction of antibacterial agents from soil was performed by PLE, using an ASE 200 system from Dionex (Sunnyvale, CA, USA). The system was operated with pressure resistant steel extraction cells with a volume of 22 ml and lined with glass-fibre filters from Dionex.
Approximately 5 g of soil were added of 10 µl DC (IS) solution of 10 µg ml -1 and blended with 5 g of EDTA-Na 2 washed sea sand for 5 minutes in a mortar using a pestle. This mixture was introduced into a stainless steel extraction cell, which was positioned in the PLE system connected to a four-bottle solvent controller. Nitrogen, at a pressure of 10 bar, was supplied to assist the pneumatic system and to purge the extraction cells. The extraction cells were preheated for 2 min, the analytes were extracted with water at 70ºC and 1500 psi for 10 min of static time, in one cycle, at 100 % of flush; then, the extraction cells were purged for 60 s with nitrogen to eliminate any trace of the extraction solvent. The total final volume of extract was approximately 40 ml.
Solid-phase extraction
Clean up and pre-concentration was performed using a combination of SAX and Strata-X cartridges. Cartridges were placed in tandem to simultaneously remove negatively charged humic material (SAX) and retain the antibacterial agents (Strata-X). The SAX cartridge was placed on top of the Strata-X cartridge and both columns were conditioned first with 2 ml methanol and then 2 ml water. PLE extracts (40 ml) were passed through both SPE-columns at approximately 5 ml min
and after extraction the columns were washed with 2 ml water and dried under vacuum for 15 min.
Then, the SAX cartridge was removed and the antibacterial agents were eluted from the Strata-X sorbent with 2 ml methanol. The eluate was evaporated to dryness using a multi-sample Turbovap LV Evaporator (Zymark, Hoptkinton, MA, USA), and the residue was redissolved in 1 ml methanol-water (10:90). 
Method validation
Recoveries for the entire procedure were determined using the two control samples taken from fields without fertilization. Soil samples were fortified with CTC, OTC, TC and DC on three concentration levels (approximately 10, 50 and 100 μg kg −1 soil) and the IS at fixed concentration of 100 μg kg −1 . Six different extractions were performed at each level. The fortified samples were extracted and analysed using the entire procedure. Recoveries were calculated as the percentage of extracted antibacterial agent compared to the spiked level.
Experiments were performed to determine recoveries of the antibacterial agents CTC, OTC, TC and DC for the tandem SPE (SAX+Strata-X) clean-up step only. Sample matrix was obtained by extracting control samples, using the described PLE method. These PLE extracts were fortified with antibacterial agents at two concentration levels (1.25 and 12.5 μg l −1 ), corresponding to extracts obtained from extraction of soil samples with antibacterial agent contents of approximately 10 and 100 μg kg −1 soil, respectively. The fortified samples were passed through the SAX-Strata.X SPE cartridges as described above.
Day-to-day variations for the extraction procedure were determined, by repeating the recovery experiment for concentration levels of 10, 50 and 100 μg kg −1 soil after 3 days.
The linearity of the analytical methods was proved building the calibration curves for each compound, using soil extracts without TCs spiked at six concentration levels (10, 25, 50, 75, 100 and 500 μg kg −1 soil) with each TC. Each level was prepared in triplicate. The linear regression analysis was carried out by plotting the peak area ratio of analyte and IS versus the analyte concentration.
Furthermore, the linearity range for the entire soil extraction procedure was determined by fortified soil samples at the same six concentration levels that previously. Triplicate samples were made for concentration levels.
The LOD was estimated at a signal-to-noise ratio of 3, while the LOQ value was estimated by using a signal-to-noise ratio of 10. LODs and LOQs were obtained by the transition with higher signal/noise in SRM mode. For the LOQ, the confirmatory transition should be, at least, visible in the chromatogram. Once evaluated, three samples were spiked at the estimated levels and extracted according to the proposed procedure to ensure their feasibility.
Results and discussion
Soil extraction method optimisation
Extraction solvent for extracting the TCs from soil was selected in accordance with their physicochemical properties. Many different soil-adsorption mechanisms, such as hydrophobic interactions, hydrogen bonding, complexation and cation exchange, may affect the extraction of the compounds from soil [18, 22, 31] . TCs form strong complexes with di-and trivalent cations in the clay mineral inter-layers or with hydroxy-groups at the surface of the soil particles [19] [20] [21] . As a starting point, a sample pre-treatment by homogenization of soil with EDTA-Na 2 washed sand as dispersing agent followed by PLE using water as extractant, was applied as previously employed for food analysis [27, 32] .
The influence of the sorbent used for the homogenization and dispersion of soil was investigated by performing the homogenization with alumina (neutral and basic), Florisil ® , silica and sea sand, all of them washed with EDTA-Na 2 . The washing of the material was carried out because previous studies performed in food demonstrated that EDTA-Na 2 washed materials always provide better recoveries [27] . EDTA-Na 2 deactivates metal impurities present in the surface and, probably, chelates also metals present in soil facilitating the TCs decomplexation. Silica and sea sand provided the better recoveries for all TCs (up to 40 %). Alumina, neutral or acid, does not recover these compounds and Florisil® provides good recoveries for OTC, CTC and their epimers but fails in recovering TC, e-TC and DC.
In order to obtain the highest possible concentrations of the TCs in soil extracts, the performance of the PLE-system was investigated for soil samples weighing up to 25 g. However, samples greater Chemical transformation processes of TCs, such as isomerization and epimerization, have been reported giving rise to structurally related compounds [7] . The possible inter-conversion between TCs and their 4-epimeric (4-eTCs) forms during the extraction procedure was checked by spiking different soil samples only with the TCs or with the 4-eTCs. No inter-conversion between the TCs and its 4-epimers was observed, even through the extraction was performed at 70 ºC.
The method was compared with two methods based on PLE recently reported by Jacobsen et al. [25] and O'Connor et al. [24] (Fig 1) . The former procedure is based on mix 10 g soil sample with 10 g Ottawa sand before added to the extraction cell of 33 ml. The extraction buffer consisted of a 50:50 (v/v) mixture of methanol and 0.2 M citric acid in water with pH adjusted to 4.7 with NaOH.
Extractions were performed at room temperature to avoid that the TCs were converted to their epior anhydro form. Recoveries, achieved using this method, were above 40%, which were comparable to recoveries for the proposed combination. The latter protocol involves extraction of 5 g of soil with 50:50 (v/v) methanol-acetate buffer (pH 8). The percent recoveries of the optimized PLE method varied between the soils and ranged from 22-99%, depending on soil type, and more specifically on clay content. Comparing the three extraction methods, i.e., the results shown in Fig.   1 , all of them provided acceptable recovery levels of the studied TCs with overall recoveries of 77 % for the method proposed by Jacobsen et al. [25] , 74 % for that proposed by O'Connor et al. [24] and 78 % for the method developed in this study. The main advantages of the proposed procedure for the TC extraction from soils are that only uses water as extractant and the stability of the compounds through the extraction procedure.
Clean-up and pre-concentration using SPE The TIC chromatogram is a summation of the ion signal generated by all the precursor → product ions transition showed in Table 1 . Chemical transformation processes of tetracyclines, such as isomerization and epimerization, have been reported giving rise to structurally related compounds.
For instance, CTC is converted to isochlortetracycline (iCTC) under alkaline conditions, while the epimerization has been found to be catalyzed in acidic solutions in a pH range from 2 to 6 [7] . The mass chromatograms (Fig. 1B-E and Fig. 2B-D) show that there is no inter-conversion between TCs and their 4-epimeric forms during the extraction procedure. In the present study, epimerization was observed in both, standard and extract of the spiked samples, after preserving them more than one month as indicated in the experiment section. The formation of other degradation analogues was observed for CTC, which also displayed another peak that also forms epi-analogues. This peak was previously reported and tentatively identified as iCTC based on the absence of the transition 679 → 444, which indicates the lack of hydroxyl group of the CTC [7] . Mean recoveries and corresponding confidence intervals for the PLE-extraction of six replicate soil samples are listed in Table 4 . Recoveries for TCs were between 82 and 99 % and the relative standard deviations (RSDs) on six replicate samples were between 8 and 15 %. For the TCs (OTC and CTC) recoveries of approximately 71-78 % were achieved, which is lower than recoveries obtained for the SPE method, indicating that the compounds are not fully extracted from the soil. This is probably due to the many sorption mechanisms involved in the binding of TC to soil, resulting in very strong sorption (Table 1) . This corresponds well with previous studies indicating that TCs are sorbed to the clay fraction of the soil by complexation and hydrogen bonding and bound to acid sites in the organic fraction [17] [18] [19] [20] [21] .
Field study Frequency, concentration, and identity of TCs found in the soil samples analyzed are outlined in .
On the co-occurrence of TC residues, 12 samples contained two TCs that were in seven cases OTC and CTC, in four OTC and TC and in one OTC and DC. Three samples contained 3 TCs that were OTC, CTC and TC. Only one sample contains the four TCs studied.
The isomerization of the different TCs to their epimers in soil samples was also checked. Data reported in Table 5 were calculated for the sum of both, the TC and the 4-epimer. However, Fig. 5 illustrates a chromatogram of one sample containing OTC and CTC (sample 1b of Table 5 ). The results shows that OTC epimerizes in low percentage, less than 25 %, comparing with CTC that shows its isomeric conversion product, iso-CTC and their 4-respective-epimers. As can be observed in the chromatogram, the conversion of CTC to iso CTC also take place in an important percentage.
TC is also epimerized in a mean value between OTC and CTC. The quantification of iso-CTC was not possible because we do not have available the iso-CTC standard. These results indicated the need for a further study on TCs metabolites and the difficulties to perform it, starting by the lack of analytical standards.
These data confirm the recent findings reported in the literature [12] [13] [14] [15] The application of the method made the detection of significant amounts of persistent TCs in the soil possible. The study pointed out that TCs, which are frequently used worldwide, are persistent in soil in significant amounts, and that these substances represent an actual environmental problem.
Ecotoxicological studies, especially on soil microorganisms, should be performed to estimate the risk for the soil flora and the spread of antibiotic resistance. The criteria for residue identification were (i) four identification points through the measurement of two product ions plus the precursor ion; (ii) retention time of suspected analyte and reference standard within the tolerance interval of ±2.5%, and (iii) the ion ratio for each analyte in samples matches that of the standards within the maximum permitted tolerances (± 20 % for TC, e-TC, CTC. e-CTC and e-OTC; ± 25 for OTC, and ± 50 for DC). a The linear regression analysis was carried out by plotting the peak area ratio of analyte and IS versus the analyte concentration 22 
